virus (EBV)-associated gastric carcinoma (GC) is a distinct subtype with characteristic clinicopathological features. To better characterize its cellular characteristics, 43 cases of EBV-associated GC, 68 cases of EBV-negative GC, and non-neoplastic gastric mucosa in adults and fetuses were examined immunohistochemically. We quantified the expression of the major tight-junction protein claudin (CLDN) -1, -3, -4, -7, and -18 together with gastric mucins (MUC5AC and MUC6), intestinal mucin (MUC2), and CD10. EBV-associated GC showed a high frequency of CLDN18 expression (84%) and a low frequency of CLDN3 expression (5%). This expression profile corresponded to that of normal gastric epithelium in adults and fetuses. Almost half of the EBV-associated GC cases demonstrated gastric mucin expression, whereas the other half lacked mucin or CD10 expression. In contrast, as demonstrated by the expression profiles of CLDN3 and CLDN18, EBV-negative GC comprised a heterogeneous group of four different CLDN phenotypes: gastric, intestinal, mixed, and an undifferentiated type with variable expression patterns of mucins. These results indicate that EBV-associated GC is considerably homogenous with regard to cellular differentiation and that it preserves well the nature of the cells of origin. EBV-associated GC may undergo distinct carcinogenic processes, which differ from those of EBV-negative GC. (J Histochem Cytochem 57:775-785, 2009) K E Y W O R D S Epstein-Barr virus gastric carcinoma immunohistochemistry claudin mucin Correspondence to: Masashi Fukayama, MD,
EPSTEIN-BARR VIRUS (EBV)-associated gastric carcinoma (GC) is a distinct subtype of GC and comprises 8-11% of all gastric carcinomas Sousa et al. 2008; Uozaki and Fukayama 2008) . Monoclonal EBV is present in nearly all neoplastic cells, thus strongly suggesting its causal role in gastric carcinogenesis. EBVassociated GC displays characteristic clinicopathological features as compared with EBV-negative GC, including male predominance, proximal localization within the stomach, and a relatively better prognosis. Two histological patterns that are characteristic of EBV-associated GC include a lymphoepithelioma-like pattern in which the tumor shows invasive growth accompanied by dense lymphocytic infiltrate and a "lacy" pattern within the mucosal layer, where neoplastic cells form irreg-ularly anastomosing cords with glandular structures. In addition to these two patterns, the histological spectrum ranges from tubular adenocarcinomas to poorly differentiated carcinomas with variable degrees of lymphocytic infiltration.
Despite its histological diversity, EBV-associated GC shows relatively consistent cellular characteristics of mucin expression (Barua et al. 2006 ). EBV-associated GC is classified into either null or gastric (MUC5AC and MUC6) phenotypes, whereas EBV-negative GC consists of heterogeneous groups. More than half of all EBV-negative GC cases show an intestinal or mixed-type expression pattern of intestinal mucin (MUC2) and a brush border-related molecule, CD10. Phenotypic analysis based on the expression patterns of these molecules has recently been reappraised with regard to GC pathology (Reis et al. 2000; Pinto-de-Sousa et al. 2002) . In the advanced stages of GC, certain phenotypes, rather than histological types, have been reported to be correlated with the invasiveness and recurrence of the tumor and the prognosis of the patient (Utsunomiya et al. 1998; Wakatsuki et al. 2008) . Studies have shown that certain mucin phenotypes are closely associated with specific genetic changes in GC, which occur early in carcinogenesis. However, other studies assume that the gain or loss of mucin expression, particularly phenotypic changes from the gastric to intestinal or mixed type, occur gradually as the GC develops (Kawachi et al. 2003) . Such conflicting observations may be partly due to the inconsistency between mucin phenotypes and the cell lineage, or to the histological diversity of GCs.
Claudins (CLDNs), the major tight-junction proteins, are expressed at the apical membrane of epithelial cells and play a critical role in controlling paracellular permeability and the maintenance of epithelial polarity (Tsukita and Furuse 2000) . The CLDN family consists of 24 molecules and can be classified into two types: one that is ubiquitously expressed (CLDN1, -2, -3, -4, and -7), and the other that is highly specific to certain tissues and their constituent cells (CLDN5, -17, and -18) (Hewitt et al. 2006) . Increasing numbers of studies that have investigated the different profiles of CLDN expression in various cancers (including GC) have been published recently. However, the effects of CLDN expression on histology and the biological/clinical behavior of GC, and the expression patterns of different CLDNs within normal gastric tissues remain controversial topics (Johnson et al. 2005; Lee et al. 2005; Resnick et al. 2005; Sanada et al. 2006; Matsuda et al. 2007; Park et al. 2007 ).
In the present study, we comparatively evaluated the expression patterns of CLDNs and mucins to characterize the non-neoplastic cells of fetal and adult gastric mucosa. We then examined expression of CLDNs in EBV-associated GC to clarify their cellular characteristics. Furthermore, we classified those cases with or without EBV infection into four phenotypes (i.e., gastric, intestinal, mixed, and undifferentiated CLDN) in an analogy of the expression profile of their normal counterparts. Finally, we investigated associations between CLDN phenotypes and mucin expression to determine their clinicopathological significance.
Materials and Methods

Patients and Samples
All GC specimens that were analyzed in the present study were retrieved from the Department of Pathology, Tokyo University Hospital. All aspects of the study were approved by the University of Tokyo Ethics Committee. Forty-three cases of EBV-associated GC from 38 patients were retrieved from files dated between 1996 and 2007. One patient had triple carcinomas, and three patients had double carcinomas, all of which were EBV-associated GC. As a control group, 68 samples from 68 patients with EBV-negative GC were randomly selected; 63 samples were from surgically resected stomachs and 5 samples were derived from endoscopic submucosal resection. Additionally, 10 non-neoplastic gastric tissue samples were retrieved; 5 were from patients with EBV-associated GC, and 5 were from those with EBV-negative GC. Of these 10 specimens, 4 were from cardia, 3 were from fundus, and 3 were from pylorus. Stomach, esophagus, and small and large intestine samples were obtained from autopsy cases of aborted or stillborn fetuses at the 9th (2 cases), 13th (1 case), 20th (1 case), 23rd (2 cases), and 35th (2 cases) week of gestation. All samples were fixed with 10% formalin and embedded in paraffin. Representative 4-mm-thick sections of each sample were routinely stained with hematoxylin and eosin.
All carcinoma tissues were histologically evaluated according to the Japanese Classification of Gastric Carcinoma and Lauren's classification (Lauren 1965; Japanese Gastric Cancer Association 1998) . Predominant histological types were assessed at the invasive area of each lesion. We adopted the tumor node metastasis classification of the International Union Against Cancer to assess the depth of invasion (T grade), nodal involvement (N grade), and tumor stage (Sobin and Wittekind 2002) . The presence of EBV in each tumor cell was confirmed by in situ hybridization with an EBER1 oligonucleotide probe as previously described (Fukayama et al. 1994) .
Immunohistochemical Analysis
Antibodies used in this study were as follows: CLDN1 (polyclonal, 1:50), CLDN3 (polyclonal, 1:100), CLDN4 (clone 3E2C1, 1:400), CLDN7 (clone 5D10F3, 1:200), CLDN18 (polyclonal, 1:1000), MUC2 (clone Ccp58, 1:20), MUC5AC (clone CLH2, 1:100), MUC6 (clone CLH5, 1:100), and CD10 (clone 56C6, 1:30). All CLDN antibodies were purchased from Zymed (San Francisco, CA), and all MUC antibodies and CD10 were purchased from Novocastra (Newcastle, UK). All of these antibodies were used in the previous studies (Barua et al. 2006; Sanada et al. 2006; Soini et al. 2006; Hornsby et al. 2007) .
All specimens were deparaffinized and rehydrated, and underwent an antigen retrieval procedure. Immunohistochemical staining with the antibodies listed above was performed using the Ventana BenchMark automated immunostainer (Tucson, AZ) with the labeled streptavidinbiotin peroxidase method and visualized with DAB. The positive controls were as follows: normal colonic mucosa for CLDN3, -4, and -7; normal duodenal mucosa for MUC2 and CD10; colon cancer for CLDN1; and normal gastric mucosa for CLDN18, MUC5AC, and MUC6. The immunohistochemical results were blinded and independently evaluated by two pathologists (A.S. and T.U.). Membranous staining for each CLDN was semiquantitatively assessed based on the intensity and distribution. The intensity of CLDN staining was scored as either 0, none; 1, weak; or 2, strong. The distribution of CLDN staining was scored according to the proportion of positively stained tumor cells: 0, none (,5%); 1, focal (5-50%); 2, regional (50-90%); and 3, diffuse (.90%). The tumor was considered immunohistochemically positive for CLDN1, -3, -4, and -7 when the sum of these two scores was 3 or higher. Because normal gastric mucosa strongly expresses CLDN18, the tumor was considered to retain its expression for CLDN18 when the sum of these scores was 4 or 5. The tumor was defined as positive for mucin core proteins or CD10 when more than 10% of the tumor cells were stained.
Statistical Analyses
Associations between clinicopathological parameters and the presence of EBV or CLDN phenotypes were analyzed mainly using Fisher's exact test and the x 2 test. They were analyzed with Student's t-test or ANOVA in the analyses of patients' ages and the size of carcinomas, and with Mann-Whitney U-test or Kruskal-Wallis test in the case of T and N grades and stages of the carcinomas. Differences were considered statistically significant at p,0.05.
Results
CLDN and Mucin Expression in Non-neoplastic Gastric Mucosa of Adults and Fetuses
Expression profiles of CLDNs and mucins in nonneoplastic mucosa are summarized in Figure 1 . In normal adult gastric mucosa, strong membranous positive staining for CLDN18 was observed in the apical and lateral membranes of the foveolar epithelia, glandular epithelia of cardiac, fundic and pyloric glands, and a small number of morphologically immature cells in the neck zone, whereas CLDN1, -3, -4, and -7 were not expressed in these epithelia (Figures 2A and 2B ). In contrast, intestinalized glands, both in complete type (with all the features of goblet cell metaplasia, the presence of Paneth cells and brush borders) and incomplete type, showed positive membranous immunoreactivity for CLDN3, -4, and -7 ( Figures 2C-2E ). CLDN18 expression decreased or was diminished in intestinal metaplasia, and only a few immature cells at the base of the pits preserved CLDN18 expression ( Figure 2F ). CLDN1 expression was negative in the metaplastic mucosa. MUC5AC and MUC6 expression was observed in the foveolar and glandular epithelia, respectively. A few morphologically immature cells in the neck zone were devoid of gastric mucin expression. Metaplastic epithelia expressed intestinal markers, MUC2 in goblet cells and CD10 in brush borders (Figures 2G and 2H) .
In the fetal stomach, gastric epithelia appeared as immature, pseudostratified columnar cells without pit or gland formation at the 9th gestational week, and the proper glands appeared around the 13th to 20th week. Membranous staining for CLDN18 was observed as early as the 9th week ( Figures 2I and 2J) , and was maintained throughout the fetal period, on the surface foveolar epithelia and the epithelia of proper glands. CLDN7 expression was observed in the immature gastric epithelia at the 9th gestational week (Figure 2K) . It decreased thereafter and was nearly absent by the 23rd week ( Figures 2L-2N ). The expression of CLDN1, -3, and -4 was not observed in the gastric epithelia at any developmental stage. Gastric mucin expression appeared in parallel with decreases in CLDN7 expression ( Figures 2O and 2P ). Positive staining for MUC5AC was observed in the foveolar epithelia at the 13th week, followed by MUC6 expression in the glandular epithelia at the 20th week.
No other alimentary tract expressed CLDN18 during fetal development. In contrast, CLDN7 expression was widely observed. CLDN3 and CLDN4 expression was detected in the small and large intestines near the second trimester. CLDN1 expression was rarely ob- Clinicopathological Features of EBV-associated GC and EBV-negative GC The clinicopathological features of EBV-associated and EBV-negative GC are shown in Table 1 . Nearly half of all EBV-associated GC cases arose in the upper (proximal) part of the stomach, whereas more than half of all EBV-negative GC cases were located at the middle or lower (distal) part (p50.0005). No statistically significant difference was observed between the two groups in other parameters, including mean age, sex, size, T and N grade, and tumor stage. For EBV-associated GC, poorly differentiated, solid-type adenocarcinoma (por1) and moderately differentiated tubular adenocarcinoma (tub2) were the two main histological types observed. However, no significant differences in histology were detected by Lauren's classification.
Figure 2
Immunoreactivity for CLDN3 and CLDN18 in non-neoplastic gastric mucosa. In normal gastric mucosa, the expression of CLDN3 (A) is negative, whereas that of CLDN18 (B) is positive in both the foveolar and glandular epithelia. Gastric mucosa with intestinal metaplasia is positive for CLDN3 (C), -4 (D), and -7 (E), and the expression of CLDN18 (F) is diminished, with only scattered positive cells remaining at the base. MUC2 expression (G) and CD10 expression (H) are also observed. The fetal stomach at the 9th week of gestational age is lined by pseudostratified columnar epithelia (I), which are positive for CLDN18 (J) and CLDN7 (K). (L-P) Fetal stomach at the 23rd week of gestational age. CLDN18 expression remains (M), whereas CLDN7 expression is diminished (N). Surface epithelium is positive for MUC5AC (O), and proper gland epithelium is positive for MUC6 (P). Bar 5 100 mm.
CLDN Expression in EBV-associated GC
EBV-associated GC (n543) showed positive immunoreactivity for CLDN1, -3, -4, -7, and -18 in 40%, 5%, 49%, 60%, and 84% of the cases, respectively. EBV-negative GC (n568) showed positive immunoreactivity for CLDN1, -3, -4, -7, and -18 in 35%, 41%, 68%, 78%, and 40% of the cases, respectively (Figures 3 and 4) . EBV-associated GC showed a higher incidence of CLDN18 expression (p,0.0001) and a lower incidence of CLDN3 expression (p,0.0001) as compared with EBV-negative GC. These results indicate that the CLDN3-negative and CLDN18-positive phenotype was predominant in EBV-associated GC (36/43, 84%), and that EBV-associated GC was considerably homogeneous with regard to cellular characteristics, in contrast to EBV-negative GC. Table 2 outlines the association between CLDN expression and clinicopathological parameters in EBV-associated GC. CLDN7-positive cases were associated with old age (p,0.0001), large tumor size (p50.0169), advanced T grade (p50.0136) and stage (p50.0072), and the presence of venous invasion (p5 0.0261), compared with CLDN7-negative cases. Similarly, CLDN4-positive cases were associated with advanced T grade (p50.0228) and stage (p50.0322) compared with CLDN4-negative cases. None of the other CLDNs (i.e., CLDN1, -3, and -18) were associated with any of the above parameters.
CLDN Phenotypes of GC With or Without EBV Infection CLDN3 and CLDN18 expression patterns best described the homogeneous cellular characteristics of EBV-associated GC. Therefore, we further classified EBV-negative GCs into four distinct CLDN phenotypes according to the expression of these two CLDNs based on comparisons with normal tissues in the stomach: G (gastric)-CLDN; CLDN3-negative and CLDN18positive, I (intestinal)-CLDN; CLDN3-positive and CLDN18-negative, M (mixed)-CLDN; both CLDN3and 18-positive, U (undifferentiated)-CLDN; neither CLDN3-nor -18-positive. Among the 43 cases of EBV-associated GC, 36 cases (84%) were classified as G-CLDN, 2 cases (5%) as I-CLDN, and 5 cases (12%) as U-CLDN; none of them were classified as M-CLDN. In contrast, EBV-negative GC consisted of 16 cases (24%) of G-CLDN, 18 cases (27%) of I-CLDN, 11 cases (16%) of M-CLDN, and 23 cases (34%) of U-CLDN. Figure 5 shows the association between the CLDN phenotypes and mucin expression. In EBV-associated GC, MUC5AC was the most frequently expressed mucin (positive in 50% of G-CLDN and 20% of The expression of CLDN18 is significantly higher in EBV-associated GC compared with EBV-negative GC (p,0.0001, Fisher's exact test), whereas CLDN3 expression is significantly higher in EBV-negative GC compared with EBV-associated GC (p,0.0001, Fisher's exact test). U-CLDN cases). In addition, cases that did not express any of the four mucin markers (i.e., null type) comprised 47% of G-CLDN, 100% of I-CLDN, and 80% of U-CLDN cases. In contrast, mucin expression was more widely observed in EBV-negative GC. Although not statistically significant, G-CLDN showed a high prevalence of MUC5AC and MUC6 expression, whereas in I-CLDN cases, the expression of MUC2 and CD10 was higher. Table 3 shows the clinicopathological characteristics of the G-CLDN phenotype of EBV-associated GC and each CLDN phenotype of EBV-negative GC. Associations between the clinicopathological parameters and CLDN phenotypes were analyzed. In EBV-negative GC, the G-CLDN phenotype was associated with a younger age, a larger tumor size, advanced T grade, diffuse-type histology (Lauren's classification), and frequent venous invasion. In contrast, in EBV-negative GC, the U-CLDN phenotype was associated with female predominance, a smaller tumor size, lessadvanced T grade, and infrequent venous invasion. Clinicopathological differences between the four phenotypes in EBV-negative GC were statistically significant. When compared with the G-CLDN phenotype of EBV-associated GC, the G-CLDN pheno-type of EBV-negative GC was associated with a younger age, a larger tumor size, a more-advanced T grade and tumor stage, and a more-frequent venous invasion. These differences were also statistically significant.
Association Between CLDN Phenotypes and Mucin Expression
Association Between CLDN Phenotypes and Clinicopathological Parameters
Discussion
In this study, we demonstrated that EBV-associated GC displays a characteristic CLDN expression pattern, Positive 9/3/1/1/0/3 0/1/0/0/0/1 6/5/2/2/1/3 7/8/3/2/0/4 15/7/4/2/1/3 Negative 9/6/3/1/1/1 18/8/4/2/1/3 12/4/2/0/0/1 11/1/1/0/1/0 3/2/0/0/0/1 p ns ns 0.0322 0.0072 ns Histological type (pap/tub1/tub2/ muc/por1/por2/sig) x 2 test Positive 0/1/8/0/7/1/0 0/0/1/0/1/0/0 0/3/9/0/8/1/0 0/3/9/0/13/1/0 0/4/15/0/14/2/1 Negative 0/3/9/0/10/2/2 0/4/16/0/16/3/2 0/1/8/0/9/2/2 0/1/8/0/4/2/2 0/0/2/0/3/ T and N grade and tumor stage were determined according to the TNM classification of the UICC. The clinicopathological differences between CLDN-positive and CLDN-negative groups were statistically analyzed. A p value of less than 0.05 is considered statistically significant. CLDN, claudin; ns, not significant.
which is clearly distinguishable from that of EBVnegative GC. EBV-associated GC is correlated with well-preserved gastric CLDN (i.e., CLDN18) and less-frequent aberrant expression of CLDN3. Mucin expression in EBV-associated GC showed a similar trend. The association between mucin expression and tumor differentiation in GC has been well investigated in the previous reports. Reis et al. (2000) and Pinto-de- Sousa et al. (2002) demonstrated that the expression of MUC2 and MUC5AC is associated with mucinous-type GC and diffuse-type GC, respectively. In our 43 cases of EBV-associated GC, we observed a higher frequency of gastric or null-type mucin expression and rare intestinal mucin expression. These results are in agreement with our previous report, and indicate the lack of differentiation potential toward the intestinal phenotype (Barua et al. 2006) . When discussing the impact of CLDN expression on gastric carcinomas, it is necessary to elucidate the significance of CLDN expression in the stomach. In this study, we investigated the expression patterns of different CLDNs in the non-neoplastic gastric mucosa of adults and fetuses and found that CLDNs differed from each other in both their distribution patterns and possible physiological functions. The fact that CLDN18 expression is specific to the adult stomach has been well demonstrated using the SAGE (serial analysis of gene expression) database, RT-PCR of normal tissues, and immunohistochemistry, as in the present study (Hewitt et al. 2006; Sanada et al. 2006) . By examining the fetal stomach, we found that CLDN18 is strongly expressed within the gastric epithelium before it differentiates into the pits and glands (and subsequently expresses gastric mucin). Furthermore, CLDN18 is expressed exclusively in the stomach; it is not found in other alimentary tracts, including the esophagus and small and large intestines. These findings strongly suggest that CLDN18 is involved in the differentiation into gastric epithelium, and this is also supported by the fact that CLDN18 expression is lost in gastric mucosa with intestinal metaplasia and in some gastric carcinomas. Additionally, morphologically immature cells present in the neck zone of the gastric pits or at the base of the metaplastic epithelium lack gastric mucin expression, but retain CLDN18 expression. From these results, we can conclude that CLDN18 expression is a more fundamental and sensitive gastric marker.
Note that EBV-associated GC possesses homogenous cellular characteristics of CLDN expressionwell-preserved CLDN18 expression and a lack of aberrant CLDN3 expression. Taken together with the gastric or null-type mucin expression, EBV-associated GC demonstrates traits that are identical to those of mature or immature gastric epithelium. From these results, we hypothesized that EBV-associated GC would arise directly from immature proliferating cells and retain characteristics of the cells of origin throughout the carcinogenic process. Other CLDNs, which are prevalent in intestinal metaplasia, showed significantly lower expression levels. Therefore, EBV-associated GC may arise through a different process, not as a consequence of chronic gastritis and intestinal metaplasia. In contrast, when classified according to expression patterns of CLDN3 and CLDN18, EBV-negative GC cases were equally distributed among the four CLDN phenotypes. These results imply that EBV-negative GC consists of heterogeneous groups with variable differentiation potential and diverse genetic changes in the course of tumor progression. Further studies investigating the association between CLDNs and other tumor differentiation markers with biomolecular techniques are necessary to clarify the significance of CLDNs in carcinogenesis and tumor differentiation.
In addition to exploring the role of CLDNs as differentiation markers, these studies sought to investi- gate the significance of CLDN in the stomach. Normal gastric mucosa lacks expression of CLDN3, -4, -7, and -1; the former three are found in metaplastic mucosa, and all of them are found in some gastric carcinomas. Therefore, it is reasonable to consider the aberrant expression of these CLDNs as a "gain" of novel function in the metaplastic or carcinogenic process. In EBVassociated GC, for example, the expression of CLDN4 and CLDN7 was correlated with parameters indicating tumor invasiveness. In EBV-negative GC, the G-CLDN phenotype was associated with tumor aggressiveness compared with the other CLDN phenotypes; however, the G-CLDN phenotype of EBV-associated GC was not as aggressive as the G-CLDN phenotype of EBVnegative GC. This inconsistency may have been due to the effects of EBV infection. Further studies are needed to elucidate the impact of CLDN expression on GC and its association with EBV infection.
With regard to the regulation of CLDN expression, studies have cited the involvement of epigenetic modification of the CLDN promoter. Honda et al. (2006) demonstrated that promoter methylation and histone deacetylation contributed to CLDN4 silencing in ovarian cancer cell lines. Given that EBV-associated GC shows global CpG island methylation in the promoter region of various cancer-related genes, some CLDNs that are less frequently expressed in EBV-associated GC may be associated with altered methylation status within the promoter region (Chong et al. 2003; Chang et al. 2006 ).
In conclusion, by CLDN expression profiling, we demonstrated that EBV-associated GC is considerably homogeneous with regard to cellular differentiation, which is characterized by well-preserved gastric CLDN (CLDN18) expression and the lack of aberrant expression of intestinal CLDN (CLDN3). It also displays characteristic gastric or null type mucin expression. These expression profiles closely resemble those of immature proliferating epithelium of the stomach. In contrast, EBV-negative GC comprises a heterogeneous group with variable expression patterns of CLDNs and mucins. EBV-associated GC may undergo distinct carcinogenic processes, which differ from those of EBV-negative GC.
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